It is shown that in water with no added salts calf-thymus DNA and its drug-loaded forms exhibit peculiar, completely reversible circular dichroism (CD) spectroscopic changes upon mechanical rotatory stirring. Due to the stirring-induced spatial alignment of the helices, the CD spectra are overwhelmed by the much more intense linear dichroism contribution. This apparent chiroptical response can be generated and detected by an ordinary CD spectropolarimeter without using any sophisticated attachment. It is a technically simple complement to existing methods suitable to obtain additional structural information which can not be derived from isotropic spectra. Drug-DNA interactions generating no or very weak CD spectroscopic changes under isotropic conditions become easily detectable upon stirring the sample solution. Stirring-induced changes of the ellipticity profile also enable to clarify the DNA binding mode of various compounds (e.g., imatinib, thioflavin T) which would remain ambiguous considering isotropic spectral data only.
Results and discussion
The JASCO Peltier temperature control module equipped to CD machines contains an integrated, variable speed magnetic stirrer ( Supplementary Fig. 1A, 1B) . Rotation of the star head stirring bar at the bottom of a 1 cm pathlength quartz cuvette does not affect the CD spectrum of calf-thymus DNA dissolved in buffer solution (data not shown). However, DNA solution prepared by using distilled water with no added salts behaves quite differently. When the stirrer does not operate, the CD spectrum displays the well-known, conservative ellipticity pattern characteristic to the B-form of DNA [6] indicating that the molecules orient randomly in space (see Supporting Information for experimental details). Upon stirring, however, the CD curve changes dramatically showing a large deviation in relation to the isotropic spectrum. The positive bands above 200 nm completely vanish and are replaced by two intense negative peaks centered around 205 and 260 nm (Fig. 1A) . This spectral transformation is completely reversible: the original, conservative CD spectrum can promptly be restored by stopping the stirrer and after the stirring is resumed the noted spectral modifications can be observed again (data not shown). In contrast to the CD profile, the UV absorption spectrum remains invariant either under 'stirring' or 'non-stirring' conditions (Fig.   1A ).
The magnitudes of these apparent CD signals are proportional to the rotational speed showing a maximum at 600 rpm ( Supplementary Fig. 2 ). At higher rotation rates, peak intensities exhibit some reduction presumably due to the increasing turbulence of the solution that limits spatial ordering of the DNA helices. Furthermore, the stirring-induced spectrum shows substantial temperature dependence: magnitudes of the bands strongly increase upon cooling reaching a four-fold intensity enhancement at 3 ºC ( Supplementary Fig. 3 ). It refers to that only a smaller fraction of the DNA molecules are oriented at 25 ºC. In contrast, heating of the solution produces an opposite effect decreasing the magnitude of the CD peaks and finally restoring the conservative spectrum around 40 ºC ( Supplementary Fig. 3 ions gradually convert the CD spectrum back into its conservative form ( Supplementary Fig.   4 ).
These findings imply that the hydrodynamic flow generated by the stirring orients the DNA molecules resulting optical anisotropy. The very low ionic strength is essential for the generation of this state since higher concentration of cationic species increases the flexibility of DNA helices and thereby hinders their spatial ordering [7] . The hydrodynamic flow field induced by rotation of the stirring bar is sufficient to orient the DNA molecules since the Coulombic repulsion between the unshielded, negatively charged phosphate groups enhances the rigidity of the polynucleotide chains. Addition of counterions renders the double helices more flexible so the flow gradient becomes insufficient to orient the DNA molecules and thus the anisotropic CD pattern vanishes. It is to be noted that in special devices suitable to generate much higher hydrodynamic flow gradient (e.g., Couette flow cell), the DNA helices can be aligned even in the presence of salts and display very similar spectral pattern to that reported here [3, 8, 9] .
Raising the temperature also cancels the spatial ordering by decreasing the viscosity of the solution and enhancing Brownian motion of the polynucleotide chains. Vice versa, cooling of the sample greatly facilitates the orientation of the DNA molecules.
It is well known that spatial orientation of light absorbing molecules generates linear dichroism (LD = A ║ -A  ) [2, 3] . Since LD signals tend to be orders of magnitude larger than the CD ones, it can be supposed that the LD effect makes a chief contribution to the CD spectrum of stirred solutions [10, 11] . Prevalence of the LD contribution is supported by close 6 resemblance of the anomalous CD curves presented in this work (see further spectra below) to the flow LD spectra of DNA [5] and drug-DNA complexes [8, 12] 1C ). The DNA molecules are now aligned along the long axis of the cuvette, so they exhibit an inverted, positive LD effect (Fig. 1B) . The observed spectrum is dominated again by the LD signals but, similarly to the horizontally oriented axis, it must contain a masked isotropic CD contribution of the unoriented DNA fraction which can be resolved by a simple procedure. Arithmetic sum of the spectra measured under distinct flow orientations of DNA helices cancels the opposite LD signals resulting a curve which is very similar to the isotropic, conservative CD pattern of DNA (Fig. 1B) .
The above considerations can be applied for interpretation of stirring-induced spectral alterations of ligand-DNA complexes, too. Neutral and cationic ligand molecules having an aromatic framework can be inserted between DNA base pairs [2] . According to this binding mode, the guest molecules are incorporated into the stacked chromophoric system of DNA and thus exhibit analogous spectroscopic changes upon spatial alignment. Therefore, a negative LD contribution allied to the respective absorption bands of the intercalated ligand molecules can be expected. In full concordance with this, typical DNA intercalators such as proflavine [13] , ethidium bromide [13] , and ellipticine [14] display negative LD bands in stirring-oriented DNA sample (Fig. 2) indicating that the - * transition moments of the bound species are oriented perpendicular to the helix axis. Since magnitude of the LD signal is much higher than that of the CD, intercalation can be more sensitively detected in stirringoriented samples than in isotropic solution. As it is illustrated in the case of berberine [15] , harmine [16] and quinacrine [17] , at low drug/bp ratios DNA association of these molecules induces no detectable CD activity in isotropic solution (Fig. 3) . The stirred samples, however, exhibit well-resolved negative bands between 300 and 400 nm, the amplitudes of which increase proportionally with the concentration of the ligands. Analogous phenomena were observed by using other DNA intercalating agents including sanguinarine [18] , norharmane [19] , and isocryptolepine [20] (data not shown).
Isotropic titration of DNA with thioflavin T results in a weak, noisy, negative CD band allied to the respective absorption band of the dye (Fig. 4) . In stark contrast to this, a much more intense negative peak can be measured in the CD spectrum of the stirred sample indicating the intercalative binding mode of thioflavin T (Fig. 4) . Interestingly, above 0.13 dye/bp ratio an additional positive CD band develops around 418 nm (not shown) suggesting the heterogeneity of the binding at higher ligand concentrations. It is to be noted that the aromatic framework of thioflavin T resembles to that of DAPI, the widely used fluorescent DNA probe. Depending on the nature of the nucleotide sequences, DAPI can interact with DNA either by intercalation or groove binding geometry [2, 21] .
The cationic dye quinaldine red is a nucleic acid-binding agent, the DNA interaction of which provokes a remarkable enhancement in its fluorescence emission [22] . Although the large red shift of the absorption band of the dye indicates its DNA association, no induced CD signals can be observed in isotropic solution (Fig. 5) . Upon stirring of the sample, however, a negative apparent CD band is displayed suggesting the intercalation of quinaldine red.
Similarly to the DNA binding of methylene blue [7] , accomodation of the dye molecules within the intercalation pocket may occur in two different orientations in relation to the base pairs giving rise to both positive and negative CD contribution, respectively. Presumably due to the small energy difference, these binding dispositions of quinaldine red are approximately equally populated so their opposite CD contributions mutually cancel each other under isotropic condition (rpm 0). However, the sign of the LD depends only on the relative orientation of the plane of intercalated molecules to the long axis of the helix. Since it is perpendicular in both instances, negative LD contribution will be dominant producing a negative apparent ellipticity band (rpm 600). Overall, while the isotropic CD spectrum is inconclusive for recognition the intercalation of quinaldine red, the stirring-induced apparent CD profile refers to this binding mode.
Stirring-induced orientation provides another possibility for detection of drug-DNA associates. Intercalation of rigid, planar aromatic compounds affects the conformation of the polynucleotide chain: the double helix unwinds, stiffens, and lengthens in the region of the intercalated ligands resulting the intensification of the CD signals allied to the base pairs due to the more effective alignment of the drug-loaded helices [17, 23] . More than two-fold ellipticity increase was observed upon intercalation of daunorubicin (not shown), proflavine,-carboline and benzylisoquinoline alkaloids ( Supplementary Fig. 5 ). In relation to these large intensity changes, the intrinsic CD bands of DNA measured in isotropic solution showed much more limited alterations upon addition of the same ligand molecules (Supplementary Fig. 6 ).
In isotropic solution, DNA binding of the anticancer agent imatinib induces a broad, negative CD band centered around 314 nm (Fig. 6) . Concomittantly, magnitude of the intrinsic positive CD peak of DNA is greatly depressed while the ellipticity pattern below 263 nm remains unaffected. The absorption curve of imatinib measured in the presence of DNA strongly deviates from that obtained in DNA-free solution showing a red shift, hypochromism, and resolved band structure (Fig. 6 ). Such spectral alterations might be indicative to the intercalation of imatinib but due to the large conformational flexibility of the molecule this presumption is rather dubious (i.e., upon DNA binding imatinib can adopt a conformation in which the - conjugation between its aromatic rings significantly decreases leading to UV hypochromism). However, two-fold increase of the anisotropic CD bands of stirring-oriented DNA observed upon addition of imatinib (Fig. 6 ) helps to clarify this issue providing supportive evidence for the intercalation geometry (cf., Supplementary Fig. 5 ).
In contrast to the intercalative agents, long-axis polarized transition moment of typical DNA minor groove binders is oriented at approximately 45 to the helix axis. Thus, DNA-bound form of such compounds gives rise to positive induced CD and LD signals under both isotropic and stirring-oriented condition [2] . In accord with this, the minor groove binder DAPI and Hoechst 33342 exhibit positive induced CD band in stirred and non-stirred solutions (Supplementary Fig. 7 and 8 ). Shape and position of the bands are similar to those of isotropic samples, but they show a higher intensity presumably due to the orientation effect.
It is worth to note that similarly to the intrinsic CD bands of DNA, stirring-induced apparent CD bands of DNA associated compounds can be converted back to the isotropic signals upon raising the temperature or addition of inorganic salts (data not shown).
Stirring of DNA-free aqueous solution of ligand molecules does not induce either CD or absorption spectroscopic changes ( Supplementary Fig. 9A-D ).
In conclusion, this work demonstrates a novel, simple method for generation and investigation 
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Figure 1A
CD and UV absorption spectrum of calf-tymus DNA under stationary and under stirring condition in aqueous solution at pH 6.7 (25 ºC).
Figure 1B
CD spectra of DNA measured in isotropic (rpm: 0, curve 'C') and in stirred solution.
Curve 'A' and 'B' refer to the position '1' and '2' of the star head stirring bar as shown in Suppl. Fig. 1C .
Figure 2
CD and absorption spectra of stirring-oriented drug-DNA complexes (25 ºC, rpm: 600).
Figure 3
Comparison of CD and absorption spectra of drug-DNA complexes measured at 25 ºC in isotropic (dotted line, rpm: 0) and in stirred solution (solid lines, rpm: 600). For better distinction, CD curves of quinacrine are shown in colour.
Figure 4
Comparison of CD and absorption spectra of thioflavin T-DNA complexes recorded in isotropic (left panels) and in stirred solution (right panels). Absorption band of the dye measured in DNA-free distilled water is shown (left panel, dotted line).
Figure 5.
Comparison of CD and absorption spectra of quinaldine red-DNA complexes measured at 25 ºC in isotropic (rpm: 0) and in stirred solution (rpm: 600). Dotted line denotes the absorption curve of quinaldine red measured in DNA-free water.
